Eyestalk length, internal eye structure, pigmented eye area, and pigments in eyes and exoskeleton were studied in two stygobiont crayfish, Procambarus cavernicola and Procambarus oaxacae reddelli. Results were compared with the epigeal crayfish Procambarus olmecorum, all three species inhabiting the karstic region of Acatlan, Oaxaca, Mexico. The stygobite species have shorter eyestalks and reduced pigmented areas compared with the epigeal species. For both eye and integument pigments, the stygobite species have a reduction in their total absorbance spectra compared to the epigeal species. Internal eye structure and organisation are reduced in both stygobite species, but to a greater extent in Procambarus cavernicola. These results are discussed in relation to the time of cave colonisation, the degree of adaptation, and the energy economy hypothesis.
The reduction or loss of eyes and pigmentation is a prevailing adaptation of the obligate fauna in caves: it has been widely considered a strategy to economise energy in this aphotic and resource-poor environment (Sadoglu, 1967; Culver, 1982; Poulson, 1985) . It has been used as an index of degree of adaptation, or of the time when species colonised the cave environment (Wilkens, 1986 (Wilkens, , 2001 .
This reduction or loss has been termed regressive evolution, regressive adaptation, or structural reduction (Lincoln et al., 1982; Banister, 1984; Culver, 1985; Kane and Richardson, 1985) . Such regressive adaptation has been described not only for cave animals, but for other aphotic environments such as the deep sea (Brinton, 1987; Jinks et al., 2002) , and also in certain epigeal environments (Kosswig, 1948; Lande, 1978) . Due to the regularity of this type of adaptation in cave species, they have been used to examine the evolutionary mechanism involved in the reduction or loss of structures (Barr, 1968; Wilkens et al., 1979; Culver, 1982; Wilkens, 2001) .
Various studies have examined eye morphometry in cave crustaceans. Culver (1987) noted between two populations of Gammarus minus (Say, 1818) a significant reduction in ommatidia in the cave population. De Mellon (1977) reported that the eyes of the cave crayfish Procambarus erythrops (Relyea and Sutton, 1975) showed a reduction in visual structures and eye size. Cooper et al., (2001) found two stygobite crayfish, Cambarus tenebrosus (Hay, 1902) and Orconectes australis packardi (Rhoades, 1944) , to have different degree of adaptation in visual structures compared with the epigeal Procambarus clarkii (Girard, 1852) .
This study examines eyestalk length, pigmented area, visual structures, and absorbance spectra of eye and integumental pigments. The stygobitic species Procambarus cavernicola (Mejía-Ortíz et al., 2003) and Procambarus oaxacae reddelli (Hobbs, 1973) are compared with the sympatric epigeal Procambarus olmecorum (Hobbs, 1987) ; all three inhabit the karstic region of Acatlan, Oaxaca, Mexico. Do the two stygobite species, in geographic proximity, have a similar level of adaptation to the aphotic environment?
MATERIALS AND METHODS
Studies were conducted in the karstic area of the Sistema de la Sierra Madre del Sur, between 188159 and 188309N, and 968309 and 968459W (see Mejía-Ortíz et al., 2003, fig. 3 ). The following sites were sampled: a) The Gabriel Cave in the Mojarra Hills, between 18827.49N and 96840.69W, at an altitude of 110 m. This is the habitat of Procambarus cavernicola (Mejía-Ortíz et al., 2003) . b) The Mojarra Hills Stream, rising at 311 m near the summit of the Hills, between 18825.19N and 968399W. It flows approximately 500 m before vanishing below the surface. Its maximum width is 3 m, with pools less than 1.5 m depth. During the dry season, the stream was completely dry. This is the habitat of Procambarus olmecorum. c) The San Antonio River Cave, located at 90 m altitude, at 18828.19N and 96838.19W . This is the habitat of Procambarus oaxacae reddelli.
Samples were collected in January, April, August, and October 2001. After completing basic measurements in the field, specimens of both stygobite and epigeal species were deep frozen for transport to the laboratory. Eyestalk length, pigmented area, and retinal area, were determined in the laboratory. Eye structure and pigment spectra were also examined.
To determine retinal area the eye was considered an ellipse, and the major and minor axes of the retina were recorded. For stygobite species, the pigmented zone was similarly estimated. Eyestalk length was measured to the articulation, as described by Culver (1987) . Eyestalks were fixed with 2.5% vol. glutaraldehyde and 0.5% vol. folmaldehyde dissolved in a buffer (0.1 M sodium cacodylate, 0.022% wt. calcium chloride, 4% wt. sucrose, and adjusted to pH 7.4) for 1 h with two changes of solution. One eyestalk from each specimen was sectioned transversely, the other longitudinally, both at 5 lm. Sections were stained with haematoxylin and eosin, and processed for light microscopy (Cooper et al., 2001) . Microphotographs were taken of the apical area of ommatidia by SEM (Hitachi, Scan electron 2460).
Five specimens of P. olmecorum, three of P. cavernicola, and two of P. oaxacae reddelli were used to determine the quantity and the type of pigments in the eyes and exoskeleton; all animals were in intermolt period. The method of Needham and Brunet (1957) was used. Carotenoids were removed by grinding, with repeated changes of acetone. These extractions were made for 48 h, and the solutions were centrifuged at 150 rpm for 5 min. Absorbances were determined with a Milton Roy Spectrophotometer (6 0.001 abs.).
RESULTS

SEM Analysis
Procambarus olmecorum showed well-defined ommatidia over the eyestalk apex (Fig. 1a, b) . In contrast, P. oaxacae reddelli had only a small area with defined facets (Fig. 1c, d ), whilst P. cavernicola showed neither ommatidia nor facets (Fig. 1e, f) . The eyes of the two stygobite species clearly showed different degrees of adaptation to cave life. The reduction or absence of the corneal facets was more evident in P. cavernicola, and the eyes were smaller in this species.
Eye Biometrics Eyestalk length, and retinal area covered by pigment, were examined for the three species. The ratios of eyestalk length to carapace length are shown in Fig. 2a . This ratio showed no significant difference (Student's t-test) between the right and left eyes in each species. However, by ANOVA, differences were evident (F ¼ 201.29, P , 0.05) between species. LSD tests showed significantly smaller eyestalk length for P. cavernicola and P. oaxacae reddelli in comparison to P. olmecorum. Eyestalks of P. cavernicola were slightly smaller for both eyes than in P. oaxacae reddelli, but not significantly (Fig. 2a) .
Ratios between pigmented retinal area (ACP) and carapace length are shown in Fig. 2b . Within species there were no significant differences between eyes. However, by ANOVA differences were clear between the stygobite and epigeal species (F ¼ 295.35 P , 0.05). LSD tests separated the epigeal species from the two stygobite species. Procambarus cavernicola showed slightly lower values than P. oaxacae reddelli.
As no significant differences were found in any species between right and left eyes, regressions of eyestalk length on carapace length, and pigmented retinal area on carapace length and eyestalk length, were determined for combined data in all species (Fig. 3) . By ANOVA, significant differences were found between the intercepts and slopes for all relationships (Table 1 ). The relationships for P. olmecorum were very different, because the eyes were larger and more pigmented in comparison with stygobite species. Between stygobite species, P. oaxacae reddelli showed greater eyestalk length and retinal pigment area than P. cavernicola. The relationships of ACP and eyestalk length for P. cavernicola showed high variation, with uncertainty in the estimates of intercept and slope; however, in this analysis, significant differences were found for these species.
Histological Analysis
In P. olmecorum, there were intact ommatidia over the corneal surface, and an ordered sequence of internal structures such as lamina ganglionaris, medulla externa, interna and terminalis (Fig. 4A, B, C) . However, in P. oaxacae reddelli, there were only a few intact ommatidia on the pigmented corneal apex, and a few rudimentary ommatidia. However, there was order in the internal structures, all being identifiable (Fig. 4D, E and F) . In contrast, P. cavernicola had no intact ommatidia, only a few rudimentary ommatidia, and the remaining internal structures lacked organisation (Fig. 4G, H, I ).
These comparisons showed that the epigeal species has very well-developed ommatidia, and the various visual structures clearly defined. In contrast, the stygobite species showed reduction of ommatidia and reduced organisation in the other visual structures. However, the degree of reduction varied between stygobite species: it was greater in P. cavernicola than in P. oaxacae reddelli.
Pigments
Absorbance spectra of pigments from the exoskeleton and eyes of the three species are shown in Fig. 5 . Exoskeleton pigments showed a major absorbance around 480 nm k (except for P. cavernicola), and a lower peak at 380 nm. Procambarus olmecorum showed greater absorbance than either stygobite species. Of the two stygobite species, P. oaxacae reddelli showed lower absorbance than P. olmecorum, but a similar pattern. Procambarus cavernicola showed lower absorbance than P. oaxacae reddelli, and lacked the major peak at 480 nm (Fig. 5a ). The eye pigments of P. olmecorum and P. cavernicola showed higher absorbance around 340 to 370 nm k, with higher levels for P. olmecorum. In contrast, P. oaxacae reddelli showed no clear peak, and levels were again lower than for P. olmecorum (Fig. 5b, c) . In the two stygobite species absorbance patterns varied for the right and left eyes.
DISCUSSION
Eye reduction has been previously described in other aquatic cave taxa, notably fish (Wilkens, 1970; 1976; 1986; 2001) . In cave decapods, there have been several reports of reduction in both internal and external visual structures. This study quantifies the reduction in eyestalk length in cave decapods, as reported previously for other cave crustaceans (Jegla, 1965; De Mellon, 1977; Wilkens, 1986; Culver 1987; Cooper et al., 2001) . These results furthermore show substantial reductions in other visual structures such as the eye facets. However, whilst the two stygobite species studied are closely related taxonomically and geographically (Mejía-Ortíz et al., 2003) , they show different degree in eye reduction. The reduction in visual structures by both stygobite species in this study differs from that reported by De Mellon (1977) for Procambarus erythrops, and by Cooper et al., (2001) for Orconectes australis packardi and Cambarus tenebrosus. Procambarus cavernicola shows a greater disarrangement of visual structures than reported by Cooper et al., (2001) .
The exoskeletons of P. olmecorum and P. oaxacae reddelli both have major light absorbance at 480 nm, possibly resulting from astaxanthin, as reported for lobsters (Buchwald and Jencks, 1968) and amphipods (Beatty, 1949) , and from canthaxanthine (Gibert, 1977) . Procambarus cavernicola showed highest absorbances at 370 nm, possibly resulting from a-and b-carotene (Ghidalia, 1985) . Eyes of P. olmecorum and P. cavernicola showed highest absorbance at 340-400 nm, possibly resulting from rhodopsin. However, pigments in eyes of P. oaxacae reddelli showed no clear absorbance peaks. In both integument and eyes, the two stygobite species showed lower levels of pigments. Such Fig. 1 . SEM of eyes, apical view and magnification of eye tip respectively. P. olmecorum (a and b); P. oaxacae reddelli (c and d); P. cavernicola (e and f). Arrows indicate the area of magnification. 482 reduction of pigments in cave animals has been recorded for many taxa such as fish, spiders, insects, and of course crustaceans. This reduction or lack of pigments is by some authors used to distinguish between obligate (stygobite) and facultative (stygophile) cave animals. Several authors have mentioned that the reduction of certain structures enables more economic use of the very limited energy that cave species can obtain from their environment (Mitchell, 1969; Culver, 1982; Poulson, 1985) .
This study involved two stygobite species from different cave systems separated by relatively small distances. Nevertheless, it appears that Procambarus cavernicola, in comparison with Procambarus oaxacae reddelli, saves more energy by greater reduction of visual structures. In both species, this adaptation was present from early growth stages: animals of several sizes were used in histological examination, and all showed similar disarrangement of visual structures. This situation differs from some deep-sea decapods but also some cave fish and amphibians (Sket, 1985) , where eye reduction appears only after a particular stage in ontogeny (Jinks et al., 2002) . The trend in cave animals is for reduction in all visual structures, including the eye pigments-a process of regressive adaptation, whilst the normal evolutionary trend of epigeal organism is towards greater complexity. Sket (1985) , in an analysis of the adaptative value of reductive processes, emphasised that eye reduction is not a simple degeneration, but involves changes in many other body systems.
The energy economy hypothesis has been invoked to explain the regressive evolution of cave animals (Mitchell, 1969; Mitchell et al., 1977; Culver, 1982; Poulson, 1985; Sket, 1985; Wilkens and Hüppop, 1986) . The basic argument is very simple, and has been extensively discussed. Cave organisms generally experience a severe scarcity of food, and any mutation that reduces a redundant structure such as the eye, provides a selection advantage by saving Fig. 2. a) The ratio of eyestalk length to carapace length; b) the ratio of pigmented retinal area to carapace length for left (L) and right (R) eyes of the three species studied, (þ) is mean.
energy. It has been suggested that those occasional cave species showing normal eye development with pigments have undergone little regressive evolution due to an abundance of food in their particular habitats (Park, 1951; Mitchell, 1969) . However, this concept has not been universally accepted, because, if correct, species at higher trophic levels, where energy is a greater limitation, should show more regressive evolution. However, evidence for this has not been found. Breder (1953) examined the hypothesis in relation to two cave fish species; he found similar levels of eye reduction, even though one species had higher available energy. When making comparative studies of energy economy and morphological and physiological traits in cave organisms, it is important to ensure similar selective pressures from external factors (Mitchell, 1969) . Thus, in tropical caves, external influences are greater than for temperate caves, especially in energy input where bats play a more important role (Gillieson, 1996) . This study involved two stygobite species in close proximity in a tropical area, so comparisons should be valid. Eye reduction appears independent of available energy.
Procambarus oaxacae reddelli showed lesser reduction, although inhabiting a cave where the food sources are scarcer (Mejía-Ortíz, 2003) . In contrast, P. cavernicola inhabits a cave where energy input is higher, but its eye reduction is greater than in the previous species. Possibly, in these species, reduction has been a function of different colonisation times, rather than of variation in energy supply, or also could be a consequence of completely different ecological conditions in the past.
